Cells are complex viscoelastic materials that are frequently in deformed morphological states, particularly during the cancer invasion process. The ability to study cell mechanical deformability in an accessible way can be enabling in many areas of research where biomechanics is important, from cancer metastasis to immune response to stem cell differentiation. Furthermore, phenomena in biology are frequently exhibited in high multiplicity. For instance, during metastasis, cells undergoing non-proteolytic invasion squeeze through a multitude of physiological barriers, including many small pores in the dense extracellular matrix (ECM) of the tumor stroma. Therefore, it is important to perform multiple measurements of the same property even for the same cell in order to fully appreciate its dynamics and variability, especially in the high recurrence regime. We have created a simple and minimalistic micropipette system with automated operational procedures that can sample the deformation and relaxation dynamics of single-cells serially and in a parallel manner. We demonstrated its ability to elucidate the impact of an initial cell deformation event on subsequent deformations for untreated and paclitaxel treated MDA-MB-231 metastatic breast cancer cells, and we examined contributions from the cell nucleus during whole-cell micropipette experiments. Finally we developed an empirical model that characterizes the serial factor, which describes the reduction in cost for cell deformations across sequential constrictions. We performed experiments using spatial, temporal, and force scales that match physiological and biomechanical processes, thus potentially enabling a qualitatively more pertinent representation of the functional attributes of cell deformability.
Introduction
Cell mechanics is an emerging field that is becoming more relevant in many different areas in biology, from cancer to hematology to stem cell biology. Many specialized techniques, including atomic force microscopy (AFM), micropipette aspiration (MPA), optical tweezers, and magnetic twisting cytometry, have been developed or tailored to enable researchers to study the mechanical properties of cells. 1 One particular propertydeformability -has become increasingly popular, as cell deformations have important functional roles in a broad spectrum of biological phenomena. As an important example, cancer metastasis involves a series of mechanical events at the single-cell level. In order to invade to distal sites, aggressive cells must be able to squeeze across small spaces in the extracellular matrix (ECM) of the tumor stroma and endothelial barrier and circulate and traffic through microvessels smaller than the size of the cell. [2] [3] [4] Under such confined microenvironments, these cells must acquire deformed morphologies. There have been many studies on cell deformability, with techniques ranging from more conventional AFM 5, 6 and MPA 7 to more recent microfluidic systems with active (optical forces, hydrodynamic inertial focusing) [8] [9] [10] and passive (microconstrictions) [11] [12] [13] deformation actuators. In particular, we are interested in deformations in the most extreme form observed in physiological systems -deformations at the subnucleus scale. This is important because such large deformations with strained and elongated nuclei, which are not fully understood from current approaches, are often observed in cell invasion through the ECM, across endothelial junctions, and in microcirculation from various cell-in-gel and animal metastasis models as well as in histological slides of tumor slices. 4, [14] [15] [16] [17] [18] These events in the metastatic process suggest that cell deformability is an important property in the context of cancer. Recent work using microfluidic techniques has shown that deformability may be correlated with disease states in cells, metastatic potential, and stem cell differentiation. 8, 10, 13 Deformability in these cases is often measured by the aspect ratio of a cell under a fixed stress, such that more deformable cells exhibit a higher aspect ratio. Another common metric is the amount of time it takes a cell to flow through a microconstriction under pressure. While these metrics are simple in nature, they nonetheless are proving to have clinical implications. 10 Additionally, these assays are typically high throughput and automated, requiring minimal manual operations, during measurements, which offer appeal towards clinical applications.
A key disadvantage of these high throughput microfluidic assays is that the information content is typically simplistic and does not fully appreciate the complexity of a biological phenomenon. In particular, the mechanical properties of cells are intrinsically complex in nature and heterogeneous. Not only does heterogeneity exist between different components of the cell, such as the cytoplasm, cytoskeleton, and nucleus, but heterogeneity exists even within the cytoskeletal and nucleoskeletal networks. Additionally, the cytoskeleton and nucleoskeleton are viscoelastic and their response under stress is dynamic. 7, 19 These dynamics have rich mathematical representations, 7, 20 and the structural subcellular components, such as actin and intermediate filament networks, also have complex and dynamic behaviors when perturbed. 21, 22 As a result, a simple one-shot measurement of each cell (i.e. aspect ratio under asymmetric stress or average transit time across a barrier), while offering an appealing and simple assay, is a reductionist characterization of biological cells. Fundamental properties, such as creep strain dynamics, that are pertinent to the deformability of viscoelastic materials are difficult to measure with such techniques. As such, conventional, high resolution and more comprehensive measurements from traditional techniques such as AFM and MPA offer more detailed information about the state and fundamental properties of individual cells.
Micropipette aspiration and atomic force microscopy have been used to elucidate more complex phenomena associated with the mechanical properties of cells and nuclei. For instance, micropipette studies were able to produce high resolution data that revealed and enabled the development of mathematical models of the viscoelasticity of different cell types, which as an example characterized the distinction between solid like cells (endothelial cells) and liquid like cells (neutrophils). 7 Additionally, MPA of isolated cell nuclei identified the contributions of different subnucleus structures on force bearing properties under different conditions (swollen and unswollen nuclei) and further revealed that the creep compliance of the nucleus follows a power-law temporal dependence over time scales from 0.1 to 1000 seconds. 19 AFM studies have also been critical in revealing local cell stiffness as well as cell forces and stress under compression and extension. 6, 23 In these existing methods, there is a tradeoff between (1) experimental simplicity and automation and (2) the complexity of the measurable properties. More complex material properties such as cell strain dynamics during deformation and relaxation require more complicated procedures that are practicable typically only in labor intensive and bulky apparatuses (MPA and AFM), [5] [6] [7] while more automated systems such as microfluidic constriction assays, optical stretchers, and inertial focusing methods [8] [9] [10] [11] [12] produce static and reductionist measurements and are currently limited to simple experimental procedures. The incorporation of more functionality in microfluidic assays often requires more manual labor or additional components such as robotic actuators for image-assisted flow modulation, thus reducing their automation or adding to their already bulky systems that require external pressure pumps and optical components (e.g. high power lasers). These tradeoffs limit the adoptability of the mentioned techniques and thus the practicability of the field of cell biomechanics to select experts in select settings. Mechanical properties such as cell deformability and viscoelasticity, however, are critical and complementary to many areas in cell biology, with implications in cancer metastasis, immune cell responses, tissue homeostasis, blood diseases, and stem cell differentiation.
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Therefore there is a need for multifunctional, procedurally adept, and automated systems that require minimal labor and components in order to promote accessibility and technology adoption.
To address this need, to eliminate the tradeoff, and to simplify labor for complex experimental procedures -we considered several factors. In order to fully appreciate the biomechanical properties of cells but in a high throughput and automated manner, it is necessary to develop a scalable microfluidic design that incorporates scale matching in important experimental parameters, such as spatial, temporal, and force properties. Not only is it important for feature sizes of the device to be on the order of the cell and nucleus size, but the time scale of measurements should match biomechanical time scales as in strain and relaxation events. It may also be important for externally applied forces onto cells to be comparable in magnitude to those present in biological systems in order to appreciate physiological responses, as in migration and invasion driven by cell generated forces. For instance, if the flow rate used in microfluidic techniques is too high, which is typically the case in previous studies aimed at high throughput operations, relaxation dynamics cannot be studied and appreciated since they are slower. The device we present here is a parallel array of serial micropipettes capable of performing both deformation and relaxation measurements of individual cancer cells. Each cell is sampled multiple times for the assessment of consequential effects, which enables us to answer questions such as (1) how does one deformation event impact subsequent deformation events and (2) what are the key dynamics that govern serial deformations? Addressing these questions is important because it offers a more comprehensive assessment of a complex cell mechanical property (deformability) over a oneshot measurement (e.g. the aspect ratio of a cell under a fixed stress). This is also important for physiological relevance because, for instance, during the metastatic cascade, cells typically undergo a multitude of deformation events, from active invasion across confined spaces of the ECM in the tumor stroma to circulation across small blood and lymphatic vessels. Cancer cells therefore undergo constant deformations. Because cells are viscoelastic, their deformability is impacted by their conformational states conferred from their previous deformation events. However, the dynamics of serial deformations are unclear, and our device enables these dynamics to be elucidated. By understanding if and how a cell is conditioned by deformations in subsequent events, we can begin to gain potential insights toward the mechanical elements that govern cancer metastasis.
For our experiments, we used the MDA-MB-231 cell line, which model highly metastatic breast adenocarcinoma. Their metastatic nature and previous studies 8, 37, 38 indicate that their deformation dynamics are of particular interest. Our results demonstrate several key findings. An initial deformation event facilitates subsequent serial deformations of the same cell, and this mechanical conditioning is dependent on the initial and remaining strain on the cell. The strain dynamics during deformation are dependent on both the viscoelastic cell body and nucleus. These experiments were performed in a simple microfluidic design with an automated experimentation scheme, which increases the capacity of practicable experiments and provides an instantly enabling technology to any basic biology lab setting in a small self-reliant form factor requiring no external equipment or micromanagement.
Results and discussion

Device design and operations
The device consists of parallel microchannels. Each channel contains a series of microconstrictions to serve as a serial micropipette capable of deforming objects multiple times via pressure driven flow. The larger region of the channel has a width of 15 mm, which is on the order of the size of a cell. The smaller constriction region is 3.3 mm, which is smaller than the cell nucleus, thus ensuring that the cell undergoes a substantial deformation that samples a key organelle in the cell that often limits cell squeezing in physiological landscapes due to its size and stiffness. Additionally, two different lengths of the constriction region are incorporated, one that is 10 mm-long (shorter than a typical cell) and one that is 60 mm-long (longer than a typical cell), mimicking short physiological barriers such as ECM-pores and long physiological barriers such as microvessels, respectively (Fig. 1a inset) . A pressure gradient is induced on-chip across each channel by applying a difference in liquid height between the inlet and the outlet of the device. This enables device operation without external pressure sources. For the experiments here, we applied a pressure gradient of around 400 Pa, which is comparable to interstitial pressures in tumors. 33 Our device design and operations facilitate more conventional micropipette studies than existing microfluidic constriction or deformation schemes, enabling multifaceted studies in an automated manner as shown in Fig. 1 and described in the following. Strain rate at fixed pressure. Cells that enter the constriction region essentially clog the flow, inducing in that channel zero volumetric flow rate and infinite hydrodynamic resistance, 39 so the pressure drop (400 Pa) across the channel is entirely across the cell. In considering the cross-sectional area of the channel and thus the area of the cell that the pressure is acting on, this translates into an applied force across the cell of around 60 nN, which is on the scale of the forces that an individual cell generates. [40] [41] [42] Timelapse microscopy enables the tracking of the cell strain over time under this fixed pressure. In our experiments, since each cell flows in one direction (longitudinal) and is stretched along that direction, the strain J that we measure is defined to be the length that the cell is stretched from its equilibrium DL divided by its equilibrium length L 0 as measured by the cell length in the larger channel before reaching the constriction. This is the definition used throughout this paper and is consistent with conventional micropipette studies.
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Release and relaxation after an initial strain. After an initial strain is applied to the cell during constriction transit, cell relaxation dynamics can be assessed. This is accomplished in an automated manner in this device as subsequent cells will plug the constrictions as they undergo transits, stopping the flow, and enabling the previously deformed cell to relax at a fixed position for tracking.
Tracking serial cell deformations. Every micropipette channel is designed with multiple constrictions in series to enable the multiple sampling of each transiting cell. This is important because each cell is dynamic and heterogeneous, and a static measurement of a cell property does not provide insights into its full capacity. The serial design induces cells to necessarily transit across multiple barriers to probe dynamic effects. However, even at relatively low pressures, subsequent transit times can be fast due to a mismatch in the relaxation rates and flow speeds (the cell is still in a highly deformed state in subsequent transits), thus masking the dynamic regime in the behavior of serial deformations. With our device, because each serial micropipette consists of a single channel, intermittent flow pauses are automatically generated as multiple cells are transiting across the same micropipette channel, as shown in Fig. 1 and ESI, † Video S1, thus enabling cells to relax back towards its initial conformation before the next deformation event. This enables us to probe into the dynamics that govern multiple cell deformations and cell mechanical properties that result from the coupling between relaxation and deformation.
Repeated cell transits and taxol treatment
Using the procedure demonstrated previously, we measured the transit times of the same cell across 5 sequential constrictions. Here, we considered situations in which only one cell was present in the serial micropipette channel, so cell 2 from Fig. 1 was not present, and we examined experiments from the 10 mm-long constriction design. Because cell 2 was not present, cell relaxation between constrictions is typically less than 1 second. We investigated the serial deformations of both untreated cells and cells treated with 10 mM paclitaxel (taxol), a chemotherapeutic drug that stabilizes microtubules and inhibits cell division, 43-45 for 1 day. As shown in Fig. 2a , the transit times across constrictions decrease after the first transit. The transit time across the first constriction is larger for taxol treated cells, which we may expect as the size of these cells is significantly larger than untreated cells (Fig. 2a inset) due to mitotic inhibition. Here, the size is defined by the length of the cells in the microchannel, since the cell width generally fills the channel width. As the cells transit across subsequent barriers, however, the transit times collapse between the two cell groups, demonstrating that once the cells are under sufficient deformation, cell size becomes less important in determining transit times. Interestingly, we also found that cell permeation across constrictions is further facilitated after the second transit, as illustrated in Fig. 2b . For each cell, we normalized the transit times across the third, fourth, and fifth constrictions to the transit time across the second constriction of the same cell, and our results show that cells can transit across the later constrictions more quickly. These findings suggest that cells that undergo perpetual deformations exhibit less difficulty in permeating across highly confining subnucleus-scaled mechanical barriers. Since aggressive cancer cells are constantly undergoing deformations, particularly across dense ECM networks with subnucleus-scaled pore sizes, it may be easier for them to invade than more static cells. In nutrient-deprived regions, as in locations where large tumors are forming, energetic efficiency may be important in View Article Online tumor activity, and invasion becomes more efficient for more aggressively invasive cells. Additionally, we showed that taxol treatment, which is a common therapeutic for metastatic breast cancer, increases the size of the cell and the initial transit time.
Once the cell is conditioned after the initial deformation event, the relative difference in cell transit times becomes less distinguishable, suggesting that for aggressive cells, size may not be critical in the cost of invasion. Taxol, however, also reduces directionally polarized migratory behavior, 46,47 which makes persistent invasion across confined barriers more difficult. This suggests that anti-invasion properties of taxol 46,48 may result from a synergy of cell size increase and decreased directional persistence in migration, which would decrease the probability of occurrence of the initial deformation event and thus inhibit subsequent easier invasions. Taxol treatment for 1 day also has the impact of increasing the size of cell nuclei (ESI, † Fig. S2 ), as cells fail to divide during cytokinesis. Since the nucleus, due to its size and stiffness, is mechanically the most obstructive intracellular component during invasion, 4 its size increase likely also plays an important role in impeding the initial deformation event. Finally, since microtubule disruption and taxol are known not to have a significant impact on the rigidity of cells, [49] [50] [51] [52] our results show that passive anti-invasive effects of taxol are most likely caused by the increase in cell and nucleus size.
The strain dynamics of serial deformations
Next we examined the serial deformation dynamics of cells in which cell 2 in the configuration in Fig. 1 was present. This allowed for more substantial cell relaxation over longer durations, on average over 3 minutes as shown in ESI, † Fig. S2 , between subsequent deformations. The results for the remainder of this paper will be based on this coupled-cell configuration in order to better appreciate both deformation and relaxation dynamics. In the previous section we considered short recovery times during which cells remained in highly deformed states after the first transit and here we considered substantially longer recovery times during which many cells recovered their equilibrium shapes. Thus our study covers a large range in the spectrum of recovery times and relaxation states that may occur in vivo.
Our experiments show that even after prolonged relaxation, an initial deformation event facilitates subsequent deformations, as demonstrated in Fig. 3a . The initial deformation requires the longest time, and the strain vs. time curve displays several phases. Here, strain refers exclusively to the strain of each cell along the long axis of the channel, i.e. the length that the cell is stretched from equilibrium divided by the cell's equilibrium length. With respect to the strain rate of the cell, the three main phases identifiable are (1) the initial shortest and fastest phase followed by (2) a longer, stagnant phase then followed by (3) a moderately fast phase. Deformations across subsequent barriers have reduced or eliminated phases 2 and 3, enabling the cell to deform and transit across the barrier more easily.
To better gauge the nature of these phases, we stained the nuclei of live cells and performed simultaneous phase contrast and fluorescence imaging to distinguish relative contributions from the cell body (i.e. primarily the cytoskeleton) and the largest and stiffest organelle, the cell nucleus. Fig. 3b and ESI, † Video S2 show the kymograph and video, respectively, of a typical cell transit event, and the transit phases are now more apparent. The first phase is when part of the cell can easily deform into the constriction, likely due to a simple force balance between the applied pressure and the initial elastic response of the cell. 53, 54 This can be seen from the rapid increase in the longitudinal boundaries of the cell, outlined in red in the kymograph, at the very beginning under the label ''1.'' Phase 2 is when the nucleus is obstructed and its stiffness is too high to transit further into the constriction, as demonstrated by the nucleus being stuck at the constriction interface. However, a slow 
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creep from its viscoelastic nature enables gradual permeation. This creep deformation can be interpreted from the increase in the length of the boundaries of the nucleus, represented by the blue outline, in the kymograph. Phase 3 is when the nucleus has deformed entirely into the constriction, leaving the remaining (less obstructive) portion of the cell to deform more quickly into the constriction. The cell body and nucleus are now highly deformed and the longitudinal boundaries are substantially longer than initially. We note here that phase 3 in the initial transit is much longer than the entirety of the transit period of the subsequent transits shown in Fig. 3a . This shows that while the nucleus appears to be the most obstructive element in cell transit, the serial deformation effect is a reflection of the conditioning of both the nucleus and the cytoskeleton. Once the cell is conditioned, its subsequent transit dynamics have an altered behavior that is faster than both phase 2 and phase 3. Fig. 3c shows the kymograph of the same cell as in Fig. 3b deforming across a second barrier. The strain dynamics of the whole cell as well as that of the nucleus are altered; there is no nucleus obstruction phase and the cell transits through the entire constriction much more quickly. Fig. 3d shows a representative spatial slice from which the kymographs were taken. It is noteworthy here that under a fixed cell-scaled force of 60 nN (via 400 Pa of applied pressure completely dropped across the cell at the constriction), the cells examined in our experiments deformed and transited completely across the constriction within a matter of minutes (4.2 AE 0.5 and 7.3 AE 2 minutes for the first and thus longest deformation event through 10 mm-long and 60 mm-long constrictions, respectively). The times were even shorter for subsequent transits. This translates into comparable cell migration velocities in 3D gel studies, 55, 56 suggesting that simple creep strain dynamics under consistent force loads could play a basic role in cell invasion across subcellular-scaled confinements. For instance, even if an applied force from the cell is not sufficient to enable it to squeeze across a constriction instantaneously, the cell simply needs to wait while consistently applying a forward force, e.g. through actin polymerization, and viscoelastic creep will confer the cell a sufficiently deformed state to pass through the constriction. Thus, cell invasion may characteristically exhibit the coupling between both active (force generation) and passive (creep strain) processes. It is also notable that the phases observed here in the strain dynamics of flowing cells have qualitative similarities to the phases observed when cells are actively migrating across subnucleus-scaled barriers.
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The serial factor
To assess and appreciate the impact of repeated deformations on cells, we need a way to measure a factor, which we will now call the ''serial factor'' SF, that quantifies the relative degree of difficulty for a cell to transit across constrictions after it squeezes across an initial constriction. A good candidate for SF is the ratio of the transit times SF = t s /t i , where t i is transit time across the first constriction and t s is the transit time across a subsequent constriction. First, our results show in Fig. 4 that the average SF is larger for serial transits across shorter constrictions. The average SF is 0.40 AE 0.04 (n = 20) and 0.20 AE 0.05 (n = 13) for 10 mm-long serial constrictions and 60 mm-long serial constrictions, respectively, where n is the number of single-cell serial transit events. We note here that in this data, the strains on the cells before subsequent transits for the 10 mm-long and 60 mm-long serial micropipette experiments are 0.24 AE 0.03 (n = 20) and 0.25 AE 0.05 (n = 13), respectively, and they are not statistically different. This indicates that longer constrictions, which induce larger overall deformations on the cell, facilitate subsequent deformations to a larger degree, even after the cell is allowed to relax back towards equilibrium.
Next, we were interested in measuring SF as a function of the conformation of the cell after deformation in order to gauge how the shape or morphology of a previously deformed cell translates into its ability to deform across a subsequent constriction. Therefore, since we were conducting deformation and relaxation experiments on these cells, we were interested in the function SF(J r ), where J r is the remaining strain on an initially deformed cell after it is given time to relax towards equilibrium. To derive this function, we considered previous micropipette studies that empirically characterized cells to exhibit a powerlaw creep under a fixed applied pressure, such that the creep strain is J(t) = At a , where A is a constant scaling prefactor, t is the time the cell is under the applied pressure, and a is the powerlaw scaling exponent. We note that this simple power-law relation does break down over the entirety of the cell and may be impacted by our simultaneous sampling of the nucleus and the cytoskeleton with subnucleus-scaled constrictions. 19, 53 However, for simplicity and in order to derive an empirical effective model, here we adopted the power-law approximation. Next we also assumed that A remains constant for the same cell under serial deformations such that all changes in cell strain behavior are then attributed to a, which helps simplify our effective model. For our experiments, since most of the time the cell spends transiting across the barrier is time spent for the strain to increase until the cell reaches a conformation (i.e. when the cell is thin enough) that enables the cell to flow easily and rapidly through the constriction, we approximated t i and t s to be effectively the time when the cell strain is increasing under a constant applied pressure gradient. From this we derived SF as follows:
Since serial deformations are easier, the power-law scaling factor a is altered in subsequent deformations in comparison to the initial, such that there are two different strain dynamics relations:
where the indices 1 and 2 correspond to initial and subsequent strains, respectively. From this, we obtain:
where J i is the total strain from the initial deformation (1st transit), J s is the total strain in a subsequent deformation (the following serial transits), J r is the remaining strain on the cell after relaxation and before the next deformation event, and t r is the virtual time that it would require the cell to strain from 0 to J r . The total strains on the cells are the same for each transit 5 The serial factor vs. normalized remaining cell strain. After an initial cell deformation across a 60 mm long subnucleus-scaled (3.3 mm Â 10 mm crosssectional area) constriction, it becomes easier for cells to deform across subsequent (identical) constrictions. The relative degree of difficulty between subsequent and initial deformation processes can be interpreted from the relative transit times across the constrictions (t s /t i ), i.e. the serial factor SF. As the remaining strain J r is increased (relative to the total initial strain J i ) signifying less relaxation before the subsequent deformation, the transit process becomes faster. Moreover, SF exhibits a sharp initial decay, which our modified power-law based model for SF captures (blue fitted curve, R 2 = 0.92). The conventional low strain, weak power-law model (a = 0.25) exhibits a different behavior (red curve).
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which gives an analytical form of SF. Next, we impose the condition that as the cell is allowed to relax completely to its equilibrium state after deformation, a 2 would recover to a 1 :
where C is a scaling coefficient and F is the normalized relaxation function that decays from 1 to 0 when the cell fully recovers (when J r /J i = 0). From the data, SF decays sharply initially and then plateaus near 0, so therefore we choose a simple function that displays that form:
where k Â J i is the characteristic decay length of F. Fig. 5 shows the SF vs. J r /J i plot for the micropipette experiments with 60 mm-long constrictions. Only experiments from 60 mm-long constrictions were analyzed here because for 10 mmlong constrictions, since the constriction is shorter than the cell, there is non-uniform relaxation after cell transit (parts of the cell starts relaxing earlier than others), which complicates any analytical comparisons, particularly with our simple model. As shown in Fig. 5 by the blue fitted curve, the experimental data fits to our model for SF (R 2 = 0.92). Previous studies focusing on the low strain regime have shown that the strain dynamics exhibit a weak power-law dependence with a o 1.
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We calculated and plotted the red curve in Fig. 5 that assumes a constant a = 0.25, a typical value in the low strain regime. As demonstrated, the curvatures of the two calculated curves are different with one that is concave and one that is convex. The actual SF data is concave, illustrating that in the serial deformation scenario, it is applicable to consider an evolving a that becomes larger than 1. Without considering the serial effect, it would be difficult to fully appreciate the details and degree to which subsequent deformations are facilitated, which are especially relevant to physiological phenomena that require cells to deform repeatedly such as in migration and invasion. Using our model for an evolving a that is dependent on the remaining strain before subsequent cell deformations, we can recover the typical characteristics of J(t) for differentially relaxed cell states, as shown in Fig. 6 . The results here show that unless a cell is allowed to relax completely back to its equilibrium state after a deformation Fig. 6 Strain dynamics under fixed pressure from the evolving power-law model. By assuming that the power-law scaling exponent a evolves based on the degree of relaxation of the cell state after an initial deformation, we plotted the normalized strain J N ðtÞ ¼ At
i for different a's and recovered the typical behavior in serial strain dynamics under fixed pressure. Fig. 7 Illustration of the serial effect during cancer invasion. When a cell is in a more relaxed state and invades (non-proteolytically) across a constriction ring in the ECM, the cell is deformed and transiently enters a ''serial mode'' that exhibits a higher power-law scaling exponent in its strain dynamics, making the subsequent invasion events easier in accordance to the serial factor. event, any remaining strain indicates that the cell is in an enhanced ''serial mode'' that enables it to deform across subsequent constrictions more easily, in accordance to the serial factor. As illustrated in Fig. 7 , this could have implications in the metastatic process in cancer, as non-proteolytic invasion induces cells to squeeze across narrow gaps that are often smaller than the cell nucleus, i.e. through constriction rings in the ECM. 4, 34 An initial invasion event would thus confer upon the cell faster strain dynamics that facilitate subsequent invasion through confining physiological barriers.
Conclusion
We developed a simple self-reliant system with no external parts or sources (syringe pumps, pressure manifolds, or other bulky connections that drive microfluidic devices) that requires only the loading of the cell samples of choice and performs multifaceted experiments in an automated manner without robotic assistance from programmable microscope stages, motorized parts, or other robotic actuators. We have demonstrated using this device that an initial cell deformation event, via a fixed cell-scaled force, conditions the cell for easier subsequent deformations, as the strain dynamics are altered. This conditioning is a function of the initial and remaining strain on the cell and may have physical implications for biological phenomena that require a multitude of deformation events, such as cancer invasion or immune cell diapedesis. We also gauged the contribution to the deformation strain dynamics from both the whole-cell body and the nucleus, which complements previous work that primarily considered only whole-cell boundaries or isolated nuclei or other intracellular components. Finally, we believe that the simplicity, form factor, automation, and multiple capabilities of this device can facilitate in a highly adoptable manner a broad array of cell mechanobiology studies, from measuring cell viscoelastic properties to disease diagnostics.
Experimental section
Cell culture
MDA-MB-231 cells were obtained from the NCI PhysicalSciences and Oncology Center. They were cultured in Leibovitz L-15 media (Life Technologies) with 10% fetal bovine serum (Atlanta Biologicals) and 1% penicillin-streptavidin (Life Technologies) at 37 1C without CO 2 .
Device fabrication
Device masters were fabricated at the Cornell NanoScale Facility (CNF). Standard photo-and soft-lithography techniques were used to create devices. Briefly, SU8 was spun onto a silicon wafer and exposed under a photomask with the micropipette patterns in a stepper. The patterned wafer was then developed to create a negative image of the device. PDMS was cast onto the master and crosslinked to create the micropipette channels. The channels were then bonded to glass slides to create the finished microfluidic device.
Experiments and analysis
Devices were treated with 1% bovine serum albumin (BSA) (Sigma-Aldrich) in serum-free media (L-15) for several hours before experiments in order to prevent stiction. Additionally, cells used in experiments were resuspended in serum-free media, as serum is a major contributor to cell adhesion. 58 Cells were loaded into the inlet reservoir of the device and experiments were automatically conducted as described in the design and operations section of this paper. Gravity drives the flow with an applied pressure gradient equal to rgDh, where r is liquid density, g is the coefficient of gravity, and Dh is the difference in liquid height between the inlet and outlet. A fixed volume difference, which is directly proportional to a fixed liquid height difference, was set between the inlet and outlet reservoirs via pipetting. The volume difference for these experiments was 1.4 mL with a pipette resolution of 0.02 mL. The device was placed and kept on a heating plate set at 37 1C.
Videos were recorded at 500 ms per frame under a microscope, which produced the data of the experiments. Experiments typically lasted 1-2 hours, after which the device inlet is usually clogged by excessive cells. Next generation designs that incorporate larger channels between the inlet and outlet to allow excessive cells to flow through instead of clog the device would likely extend the operational lifetime. Experimental analysis and cell tracking were performed using ImageJ and custom MATLAB programs. For statistical analysis, one-way ANOVA was used to determine statistical significance. Error bars on data represent standard error of the mean (s.e.m.). For taxol experiments, cells were incubated in 10 mM taxol (Cytoskeleton, Inc.) for 1 day prior to experiments. For fluorescence experiments, NucBlue (a live nucleus counterstain that is formulated from Hoechst 33342) (Life Technologies) was used and cells were incubated in the dye in complete growth media for 15 minutes.
